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ABSTRACT

An experimental investigation is described in which emphasis is
given to revealing the structure of turbulence near the wall in a bound-
ary layer. Measurements made include space-time correlations between
the fluctuating wall pressure and the span-wise velocity component w,
and between the various velocity components. The velocity correlations
include measurements of the space-time correlation of the streamwise
component of the fluctuating wall shear stress. Experiments have been
conducted in a thick (5 in.) turbulent boundary layer with zero pressure
gradient which is produced by natural transition on a smooth surface.

Sufficient data have been obtained to allow us to propose a quali-
tative model for the structure of turbuience near the wall. The pro-
posed model outlines the sequence of events that result in the produc-
tion of intense pressure and velocity fluctuations by stretching of the
vorticity after it is produced by viscous stresses within and near the
edge of the viscous sublayer. The measurements are in qualitative agree-
ment with the model. Here, qualitative agreement means that the size
and shape of the contours of constant correlation and the sign of the
measured correlations are in agreement with the proposed model for the
turbalent structure.

The proposed model as well as the result of measurements of the
correlation between the fluctuating streamwise wall shear stress and the
streamwise velocity component were found in favor of the concept that
the turbulence is generated in the wall region.distending into the cen-
tral parts of the boundary layer. ©Since it is well-known from measure-
ments that eddies of small size dominate near the wall, this implies that
small eddies near the wall may become larger when they distend into the
more central region. However, the physical mechanism of development from
small to large eddies 1s not yet completely understood.
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NOMENCILATURE

ay hot-wire overheating ratio

e fluctuating voltage across hot-wire; e = Iry
f frequency
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I current through hot-wire
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Nu Nusselt number; Nu = 9

2k (T, -Tg )

P fluctuating wall pressure
2
Q rate of heat loss from hot-wire; Q = I Ry
R Reynolds number based on distance from virtual origin of tur-

bulent boundary layer

Rg Reynolds number based on momentum thickness

. . ud
(Rey )y Reynolds number based on hot-wire diameter d; (Rey), = —
Rpuj normalized wall pressure-velocity correlations; see, e.g.,

Eqn. (VI-1)

Ruiuj normalized velocity-velocity correlations; see Eqn. (V-1)
RTwTw normalized wall shear-wall shear correlations; see Eqn. (V-2)
RTwuj normalized wall shear-velocity correlations; see Eqn. (V-3)
Re resistance of hot-wire at ambient temperature, T,
R, resistance of hot-wire at 0°C
Ry, resistance of heated wire at temperature, T,
ry fluctuating resistance of heated wire
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NOMENCLATURE (Continued)

Te or 6¢ ambient temperature of hot-wire

Tw or ew temperature of heated wire

t time

U velocity in boundary layer in stream direction

Uso free gtream velocity

Uy wall friction velocity

Ua convection speed of fluctuating velocity field which is cor-

related with fluctuating wall pressure or fluctuating velocity
at a fixed point; U is determined by BRpw(xl,T /31 = 0 or
aRuluJ x1,7)/dT = O respectively.

U,Vv,w fluctuating velocities in x, y, z directions
uj or uj fluctuating velocities in x, y, z directions (i or j = 1,2,3)

X1;Xo,X3 spatial separations of pressure and velocity transducers in
X, ¥, z directions
2 ' ’ . . 0 . . )
X1,Xo,Xg spatial separations of two velocity measuring points in x,
¥y, 2z directions

b'¢ distance parallel to wall, increasing in stream direction
vy distance normal to wall, increasing away from wall
Z distance parallel to wall and perpendicular to stream, form-

ing a right-hand Cartesian coordinate system with x and y

a temperature coefficient of resistivity
a a' = ORy

o] boundary layer thickness

o* boundary layer displacement thickness
v viscosity
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kinematic viscosity

fluctuating vorticity component in xsz-direction in viscous
sublayer

density
density of air
time delay

time delay equal to transducer spacing divided by convection
speed Un
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CHAPTER I

INTRODUCTION

Historically, the background for new investigations of the structure
of turbulent shear flow are the extensive investigations of the turbulent

(ek)

velocity field made first by Townsend (1951) and later by Schubauer
and Klebanoff(ZO) (1951), Laufer(l5) (1953), Klebanoff(9) (1954), etc.
Most of our knowledge about the structure of turbulence in a shear flow
rests on their measurements of the spatial correlations between turbulent
velocities and the power spectra of turbulent velocity components. In
recent years, quite a number of new investigations were reported, among
which the more representative are Favre, Gaviglio, and Dumas(5) (1958),

(26,27)

Grant(6) (1958), and Willmarth and Wooldridge (1962). 1In this

period a new technique using a tape recorder for the measurement of

spatial correlations with variable time delay was developed by Favre,

. (5)

et al

so that one is able to study the correlation between the
fluctuations of wall pressures and/or velocity components at one point
and those of earlier or later history at the same or another point.
This is the so called space-time correlation, which makes it possible
to investigate the evolution of turbulent eddies.

In the measurement of space-time correlations between the fluctuat-
ing wall pressure and the fluctuating velocities reported by Willmarth
and Wooldridge,(27) the interesting result that they pointed out is

X
that near the wall in the planes -2 = 0.20 and 0.10 the constant cor-
8%



relation contours of pv show a curious swept-back behavior (see Ref. 27,
Fig. 37). In the beginning of the present work we made a few measure-

ments of RV with hot-wires at various distances from the wall and found

v
that near the wall at g% ~ 0.2 there was a change of sign of R, from
positive to negative (see Fig. 15). Grant(6) in his study of large
eddies in the boundary layer measured the spatial correlations of each
of the three components of the fluctuating velgcity; however, he did

not report any measurements of R, for gf < 0.29. With these results
it appeared to us that in the wall region there is a definite structure
that 1s worth understanding; and therefore our measurements were mostly
performed near the wall.

The measurements described in the present work include space-time
correlations between the fluctuating wall pressure and the span-wise
velocity component w, and between the various velocity components. The
velocity correlations include measurements of the space-time correlation
of the streamwise component of the fluctuating wall shear stress. With
these measurements we are able to propose a qualitative model for the
structure of turbulence near the wall.

The measurements of the correlation between the fluctuating wall

pressure and the velocity components by Willmarth and Wooldridge(27)

include pu and pve In the present work we have continued the program
and measured the correlation of 5% and constructed its constant cor-

relation contours. Interest was found in these contours of constant pw,

which gave support to the proposed model of the structure of turbulence



near the wall. We shall discuss the details of this in Chapter IX and
describe the measurements in Chapters VI and VII. A rough comparison
of the present pw measurements with Kraichnan's(lg) wall pressure
theory was also made, and given in Chapter VIII.

In Chapter IV, we have described the measurement of the mean wall
shear stress with a single hot-wire using Wills'(28) experimental method
to correct for the effect of wall heat transfer.

We have used hot-wires to measure the correlation between the fluc-
tuating streamwise velocity very near the wall. We have also studied
the existence of the instantaneous linear velocity profile in the sub-
layer (see Appendix I). With the instantaneous linearity of the velocity
profile near the wall confirmed, we are able to interpret our correla-
tion measurements of uu performed in the sublayer region as the correla-
tion of the fluctuating streamwise wall shear stress or fluctuating span-
wise vorticity component, and to deduce the correlation distribution and
the propagation in the wall region. These results are included in
Chapter V, VII, and VIII.

The present investigation was carried out in a 5-in. thick turbu-
lent boundary layer at a nominal free stream velocity of 206 fps. The
ratios of pressure transducer diameter and hot-wire length to boundary
layer thickness were approximately 1:80 and 1:100, respectively, allow-
ing a study of the detailed structure of the fluctuations in the layer.

Corrections and errors of the present measurements are described

in Appendix II.



CHAPTER II

EXPERIMENTAL APPARATUS AND PROCEDURE

A, WIND TUNNEL FACILITY

The experiments were carried out in the fully developed turbulent
bouﬁdary layer on the floor of the 5 by 7 ft low speed wind tunnel
facility at the Aeronautical Engineering Laboratories, The University
of Michigan. The wind-tunnel test section is 25 ft long and is indoors.
The settling chamber, fan, and steel ducting that recirculates the air
are out of doors. The total distance around the wind-tunnel circuit
is 3%2 ft. The contraction ratio of the nozzle is 15:1.

A schematic diagram showing the general layout is given in Fig. 1.
Natural transition took place in the contraction section (approximately
2l ft ahead of the measuring point) and no tripping device was required
to make the boundary layer fully turbulent. A varnished and waxed sheet
of masonite extending 14 ft upstream from the point of measurement was
installed to make the wall aerodynamically smooth. In order to elimi-
nate the undesirable effects of wind tunnel vibration, measurements were
made on a 1 in. thick smooth (oil—lapped) steel plate, 20 in. in diameter
and mounted on a heavy pedestal, which was inserted flush with the flcor.
The 0.0625 in. gap which was allowed between the plate and the wind-
tunnel floor was sealed on the outside of the tunnel with a strip of
rubber. The mounting pedestal was vibration-isolated from the floor

by means of rubber shock pads. Holes were drilled in the plate to

L



accept the pressure crystal assembly and the hot-wire plug. The hole
for the former is 0.3125 in. in diameter while that for the latter is

1l in. in diameter.

B. INSTRUMENTATION

The fluctuating wall pressure was measured with a pair of 0.060 in.
diameter lead-zirconate disks mounted back to back in a brass plug which
was supported in the steel plate by a screw-controlled holder attached
underneath the plate. The sensitive area of the pressure transducer
which was newly made by Willmarth, is about 7.4 times smaller than that
used in the former measurements by Willmarth and Wooldridge,(26’27> thus
spatial attenuation caused by the finite size of pressure transducer is
decreased and the resulting pressure measurement 1s more representative
for the point to be measured. As shown in a schematic diagram of the
transducer installation (see Fig. 2), rubber O-rings were used to pre-
vent air leakage around the transducer body. The transducer was con-
nected through a low-noise cable to a low-noise preamplifier having a
cathode follower input with an input impedance of 1.2 x 108 ohms. The
capacity of the lead zirconate disks connected in parallel was 60 micro-
microfarads, allowing a low frequency response down to approximately 25
cps. The gain of the preamplifier was approximately 50; it was followed
by a two-stage amplifier which gave the entire system a maximum gain

of 100,000, The bandwidth of the amplifier circuitry was adjustable

between 1 cps and 160 kcps.



The fluctuating velocities were measured with constant current hot-
wire equipment manufactured by Shapiro and Edwards. The frequency
response Of the uncompensated amplifier was flat from 1.3 cps to 320 keps.
Adjustable filters in the amplifier were used to cut out frequencies
above and below the range needed in the experiments (1.3 cps < f < 80 keps)
to eliminate unnecessary noise. In the measurements of velocity-velocity
correlations one additional amplifier made according to the design of

(32)

Kovasznay was used. Its frequency response without compensation was
flat from 5 cps to 25 kecps when its filter adjusting switch was set at
the widest band position (1 cps < £ < 50 keps). Both platinum and tung-
sten wires of 0.00C15 in. or 0.0002 in. in diameter were used. Their
lengths ranged from 0.03 to 0.05 in, and in any case a slenderness ratio
greater than 150 was employed to take care of the effect of finite wire
1ength.(15) The wires were attached to the supports by the usual method
of copper plating and soldering. In case of velocity measurements very
near the wall, silver-coated platinum wires were glued directly on the
smooth surface of a plug 1 in. in diameter (see Fig. 3). Then the sensi-
tive parts of the wires were obtained by the method of etching with dilute
nitric acid and electrolysis. The plug was made of insulating material
such as, bakelite and Plexiglas. The time constant of the wires was
approximately from 0.35 to 0.50 msec. The compensation required to cor-
rect for the time lag of the wires was determined by the square wave

method and accomplished by a resistance-capacitance network in the ampli-

fier. No wire length corrections were applied to any of the data. As



reported by Willmarth and Wooldridge(27)the microscale of the turbulence
near the wall was calculated from the measured spectra and found to be
approximately twice the hot wire length (£ = 0.05 in.). Moreover, the
upper frequency limit on the tape recorder described below limits the
smallest eddy which can be studied to a scale of approximately the hot
wire length.

For the measurements of fluctuating velocity at a distance greater
than 0.05 in. from the wall, a probe made of 0;19 in. brass tube and
strengthened by thin sheet metal was used to support the hot-wire needles;
see Fig. 2. Measurements very near the wall were obtained by fastening
the hot wire probes directly on the wall. In case of the measurement
of streamwise wall shear correlations and wall shear-cross flow cor-
relations the wire itself was glued on the surface of a plug as described
above to reach the points inside or near the edge of the viscous sub-
layer (dgp = 0.0043 B%). For the closest spacing to the wall, a micro-
scope with a filar eye piece was used to measure the distance between
the wire and its surface reflection.

The signals from the pressure and velocity transducers were re-
corded on a three-channel Ampex Model FR-1100 magnetic tape recorder
which utilized 0.5 in. wide tape travelling at 60 in. per sec. The
recorder had a bandwidth extending from d-c to 10 kcps. In the present
measurements special filters were used to replace the original 10 kecps
filters in the record and reproduce units for each channel. Thus the

limiting upper frequency for the measurements was extended to 20 kcps



so as to be able to measure small eddies of approximately the same size
as the hot wire length. A special movable play-back head was used to
replace the original recorder head to allow the introduction of time
delay between a pair of signals. The smallest incremental time delay
which could be obtained was 0.017 msec.

The correlator used in the measurement of the space-time correla-
tions worked on the mean-square principle. A thermocouple was used to
measure the mean-square values of each of the two signals to be cor-
related, of their sum, and of their difference. The sum was obtained
from a simple resistive summing circuit built into the apparatus, and
the difference was obtained by first sending one signal through an
electronic phase inverter and then into the summing circuit. A pro-
vision for external filtering of the signal before it reached the
thermocouple allowed the measurement of correlations in adjustable
frequency bands; a Krohn-Hite Model 310-AB filter was used for this
purpose (see Section III-B). The output from the thermocouple was
measured on a sensitive research d-c millivoltmeter having a time

constant of % sec.



CHAPTER III

EXPERIMENTAL ENVIRONMENT

A. EXTRANEOUS DISTURBANCES

The accuracy of the measurements made in this report can be affected
by the extranecus disturbances which include the vibration of the measur-
ing apparatus, the sound field in the wind tunnel, the free stream turbu-
lence level, and the mean flow conditions in the boundary layer. These
disturbances were studied and reported formerly by Willmarth and Woold-
ridge; the fcllowing is quoted from their work (Ref. 27, p. 4-5):

" A check on the effectiveness of the vibration isolation
of the mounting showed that the spurious pressure signals caused
by vibration amounted tc less than 1/100 of the mean-square
turbulent pressure fluctuations.

"The sound field in the test section was first measured by
a pressure transducer located cn the stagnation line of an air-
fcil-shaped body exposed to the free stream. The spectrum of
the stagnation pressure fluctuations had peaks at 135 and 200
cycles per sec. The wall pressure correlation measurements
described in Reference 11 which were made later showed a small
pegk at negative time delay which was caused by sound propagat-
ing upstream. From these data it was finally determined that
the mean-square scund pressure in the free stream amounted to
approximately 1/20 cf the mean-square turbulent wall pressure
fluctuations. The mean-square velocity fluctuations associated
with the sound were less than 1/2 percent of the mean square
turbulent fluctuations near the edge of the boundary layer.

"The settling chamber of the wind tunnel contains four
turbulence damping screens. The free-stream turbulence level
in the test secticn increases with velocity and has been meas-
ured at 50, 100, and 150 fps. Extrapolation of the data to the
20C fps speed used in this experiment results in a value of

32/U, = 1 x 10°3 for the turbulence level of the axial
velccity component. The level of the transverse velocity
compcnent is approximately three times the level of the

9
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axial component.

"large-scale flow disturbances in the test section boundary
layer were first discovered during the measurements of the wall
pressure spectra which are described below. The entire wind
tunnel, with the exception of the test section, is exposed to
the weather. Heat transfer through the steel walls caused by
sunlight impinging on the outside of the tunnel produced density
stratification near the walls which in turn produced vorticity
when accelerated into the test section. Observations of streamers
of smoke near the concave surface of the contraction section
showed large-scale oscillations which were swept into the test
section. It is believed that the large-scale disturbances
cbserved in the test section are caused by a combination cf the
Taylor-Goertler boundary layer instability on the concave walls
of the contraction and the density stratification.”

The wind tunnel condition has not been changed except that one of the
four turbulence damping screens in the settling chamber of the wind tunnel
had been damaged and removed sometime before the present measurements
were made. We remeasured the free-stream turbulence level and found that
[= -3

1.1‘2/U°o = 2.5 x 10 in axial flow direction. The level of the trans-
verse velocity component is*J-x_rE/Uoo = 3.2 x 1072, Both were measured at

an air speed of 200 fps, which was used to obtain a fully turbulent bound-

ary layer for all measurements in the present work.

B. THE NATURE OF THE TURBULENT BOUNDARY IAYER USED IN THE INVESTIGATION

The mean velocity profile, velocity intensity profile, wall pressure
spectrum and velocity spectra of the turbulent boundary layer used for
the present investigation, were measured and reported by Willmarth and
'Wooldridge.<27) So, no such experiment has been repeated. The proper-
ties of the boundary layer profile measured by them are tabulated in

Table I and reprinted in Fig. 4 together with the properties of Coles'
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1deal boundary layer at the same value of Rg, the Reynolds number based
on momentum thickness. Figure 4 and Table I show that their measurements

agree satisfactorily with the ideal case.

TABIE T

PROPERTIES OF THE ACTUAL AND IDEAL TURBULENT BOUNDARY IAYER

T Uy 5 B 8

o* /0 U../U, R Remarks
°F fps Fo £t ft ft / 7/l

7 Measured by

0.42 0.041 0.03L 1.30  0.03%26 .1x10
67 20k 38,000 k b 1 3 45 3 Willmarth and Wooldridge

Coles' ideal

38,000 1.30  0.0318  3.2x107
boundary layer

45 203 43,000 O.42 0,041 0.0315 1.30 0.0325 5.85x107 Willmarth and Wooldridge

1
43,000 1.295 0.0315 L.oxio7 Coles’ ideal

boundary layer

In the measurements of wall pressure spectrum Willmarth and Woold-
ridge(26) found that the data were not repeatable for wo* < 0.1%. The
Uco
results varied with the amount of heat transfer to the tunnel by sunlight.
Therefore, in the measurements of space-time correlation of pressure-

velocity and velocity-velocity the Krohn-Hite filter has been used to

wWO*
reject all frequencies below o 0.1%3. The upper limit on the fre-
o0

*
quency, wor 25, was provided by the tape recorder response.

00
At the closest spacing of the hot-wire to the wall, 0.002 in., for
the streamwise wall shear-wall shear correlation measurements the convec-

tion speed of the disturbances is approximately 0.2 Ug,. Since the boundary

layer thickness is 5 in. disturbances convected at this speed and at
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wWO*
— = 0.13 have a wave-length of 0.93 6. Hence, even with filtering and

e )

very near the wall informatién can be obtained about eddies or disturbances
whose scale 1s about the same as the boundary layer thickness. However,
in correlation measurements the filter acts directly to eliminate the
correlation in the frequency band below its cut-off point, and indirectly
to boost the value of the normalized correlation coefficient at all values
of time delay by reducing the magnitude of the denominator. The net effect
with filter cut-off frequency at %@f = 0.13, as studied by Willmarth and

0
Wooldridge(27) in the pressure-velocity correlation measurements, is not
more than 5%. Their analysis also showed that the direct effect of the
filtering changes the correlation curves meost near their tails. Thig is
to be expected since at large time delay or at large spacing between measur-
ing points the correlation is mainly contributed from the low frequency
(large scale) velocity fluctuations. The filter effect also increases
with distance from the wall since low frequency fluctuations become in-
creasingly important in the correlation measurement as this distance in-

creases.



CHAPTER IV
THE MEASUREMENT OF MEAN WALL SHEAR STRESS USING A SINGLE HOT-WIRE
AND THE CORRECTION FOR THE EFFECT OF WALL HEAT TRANSFER
A. INTRODUCTION
The mean wall shear stress of the turbulent boundary layer used in
the present investigation was measured by Willmarth and Wooldridge,(26’27)
: : . I Ur
and reported in the form of a non-dimensional friction velocity — (see

Uco

Table I, Section III-B). The measurement was made by them with a Stanton

tube using the calibration results reported by Gadd.(BO) Other methods

(31)

such as the "floating" element device developed by Dhawan have been
successfully used by different investigators: Hakkinen, Coles, and Korkegi
(e.g., see Ref. 7).

In the present work, however, the mean wall shear stress was measured
by using a single hot-wire which was set up outside but very near the
edge of viscous sublayer. The distance to the wall was determined with
the aid of a microscope fitted with a filar eyepiece and was found to be
0.00439 &%, A piece df silver-coated platinum wire with a diameter of
0.0002 in. was glued directly on the flat surface of a plug as described
in Section II-B. A sensitive length of 0.043% in. was obtained by etching
off the silver coating in a very small jet of dilute nitric acid with an

electric current of about 0.8 milliampere. Technically there was not

much difficulty to place the hot-wire even closer to the wall to ensure

. . . X Ur
that it was in the sublayer region,

< 5; but when the wire was too

15
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close to the wall the Reynolds number of the wire, (Rey)y, would be near
unity and thus King's linear relation would not be valid (Ref. 13, p. 231).
There were also difficulties in calibrating the hot-wire at a speed as

low as 20 fps with the present equipments.

B. CALIBRATION
At the beginning of measurements the hot-wire was calibrated and a
. 2 J" . .
curve was plotted with I R, vs~vU . Since, according to the usual form

of King's formula for incompressible subsonic flow, we have

Q@=TRr, = (T, -T,) (A+B JU)

where A,B = constants

However, the calibration curve obtained was not quite a straight line;
1/2
it became curved in the region where ~fﬁ > 10(fps) . After a study of
the flow parameters involved in the present problem the above calibration
. 2 J_ .

curve was replotted with I Rw Vs oU to include the effect of compres-
sibility and then it turned out to be linear (see Fig. 5). This would

be quite clear if one was guided in the study by a more general relation

of the heat transfer of a thin wire with forced convection'1) (Prandtl

No. = const.),
Nu = a+b \/(Rey)w

where a, b = constants.
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In the present measurement, a linear calibration curve was found very
convenient to use, especially when correction was necessary in case that
the ambient temperature and the density of air during calibration were

different from those during measurement.

C. THE MEASUREMENT OF MEAN WALL SHEAR STRESS

Difficulties were experienced by many investigators when using a hot
wire for velocity measurements close to a solid boundary. Besides setting
up the wire at an adequate distance to the wall to ensure the validity
of King's linear relation and measureing this distance accurately, one must
also correct for the effect of wall heat transfer. Wills(28) (1962) made
a comprehensive study of the latter problem and conducted a series of ex-
periments. The results were plotted into curves which can be used to
correct, at different heights, the errors introduced by the effect of wall
heat transfer. Because of its simplicity and convenience Will's correc-
tion method was successfully employed in the present work to compute the
mean wall shear stress. The result (see Appendix III for details) that

we found was:

£, = 0.0912 1b/sq ft

where fw = mean wall shear stress,

or the non-dimensional wall friction velocity,
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i

|4
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Uoo Pa

(el e
8

il

0.0%32 ,

which agrees very well with the result by Willmarth and Wooldridge with

Stanton tube,

U
L = 0.0%26 (see Table I);
©

and by Coles' ideal boundary layer based on same Rg>

U
< = 0.0318 (see Table I).
o]
In calculation of the mean velocity, a correction for the error due
to nonlinear effects of the turbulent velocity fluctuations was also studied.

The correction found by our analytical method was 3% (see Appendix II-A),

which was checked with the result by a graphicsasl method.



CHAPTER V
SPACE-TIME CORRELATIONS OF WALL SHEAR-WALL SHEAR, OF WALL SHEAR-VELOCITY,
AND OF VARIOUS VELOCITY-VELOCITY COMPONENTS

A. TINTRODUCTION
In recent years different investigators,(h’6’9’lu’l7’l9’21’25’27’etcn)
elther theoretical or experimental, have been interested in studying the
turbulence near the wall in a boundary layer. The main purposes of their
work may be summarized as:
(1) To determine the structure of turbulence in the wall region;
(2) To determine whether the so called "laminar sublayer" exists
or not and to determine its structure;
(3) To determine the mechanism which maintains the turbulence in
a boundary layer.
Many brilliant investigations have been carried out; however, to the author's
knowledge, we are still far from reaching a general conclusion or a complete
understanding.
In the previous measurements by Willmarth and Wooldridge the contour
diagrams of constant correlation pv in the planes which are parallel to
the x1 - x3 plane and near the wall (see Ref. 27, Fig. 37, p. 52) showed
a very interesting behavior. It was cobserved that in the plane
== = 0.20 a protruding part of the positive contour of Rév started to
appear in the negative region (x; < 0). The protruding part became even

sharper and extended further into the negative area when %% = 0.10.

L7
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Naturally, this phenomenon suggests that in the horizontal plane near the
wall ( %f < 0.20) the vertical component of fluctuating velocity changes
its sign at certain distance along xs-axis and it seems that only the
exlstence of a certain type of eddies may serve to explain it satisfactorily.
Ail these previous investigations greatly stimulated the present
work in an attempt to understand the turbulence in the wall region. A
number of velccity-velocity correlation measurements in different direc-
tions and either at the edge or outside the viscous sublayer were carried
out. The results revealed many interesting points, of which more discus-
sions and a study related particularly to the structure of turbulence near

the wall will be given in Chapter IX.

B. MEASUREMENTS
The fluctuating velocities in the turbulent boundary layer are station-
ary random functions of time and space. The velocity-velocity correlation

coefficients which have been measured are defined by

U—i(xl)XE:XS;t) uj(xl+Xi:X2+Xé:X3+Xé5t + T) (V-l)

R, (%e3xi,x,xb57) =
17

V'iZ (x1,%2,%55t) ¥ WG(x14x), xotxb, xgtxb; t)

In case both ui and uj in the direction of free stream (i =1, J = l)

are measured in the linear viscous layer, then since

>
Tw = U Eéﬁzﬁl [The existence of instantaneous
2 linearity in the viscous sub-
layer will be discussed in
Appendix I]
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one can obtain

u(Xl)XE;X35t) M U.(Xl'f'X'l,Xz"'X'g,Xs‘*‘Xé;t‘FT)

. X2 X2 + x5
RT T (x'l}o ,Xé;"l') =
Wiw = >
\/E‘l u(XlJXZ)XZB;t)]/ Eu(xl+xi)x2+x'2)x3+xi'35tﬂ
X2 Xo + x5
u(x1,X2,X35t)  ul(x1+x),Xo+xh,Xxgtxh;t+7) (V-2)
|z 09 Plrrent s st
u (Xl;XE)XS:t) u (X1+X1,X2+X2,X3+X3;t)
where X < SSII(thickness of viscous sublayer)
Xo + xb < B,
similarly, we have
Ve u (x1,%X2,x3;t) uj(X1+Xi;X2+Xé,Xs+Xéit+T)
R'rwuj(xl)x2:x35'r) (V-3)

J—E( . J_—Z— 1 1 1.
u (x1,%X2,X3;5t) uj(X1+X1;X2+X2;X3+X3;t)

where Xo < BSL

Hence, one defines the wall shear-wall shear or the€ wall shear-velocity
correlation coefficient in terms of a velocity-velocity correlation coef-
ficient.

> R R

The measurements of Ry r_, R e v

T RTww Ryws» Ryw @nd Ryy

are shown in Figs. 6 through 28 as functions of the non-dimensional time

Uso( T-7") ) . .
delay B where 1' 1s the time delay for maximum correlation of

any particular curve. An additional vertical axis stands on each curve,
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x! UooT'
except those with gi =0 (or

= 0), and shows the true origin
U7

= = 0. In each case the non-dimensional convection speed & can
U
1
be computed by dividing the longitudinal spacing gﬁ by the correspond-

U T
[o.0]

o X

ing non-dimensional time delay Since 7' is the time delay for

maximum correlation, the convection speed determined in this way is de-
aRuiuj(Xi;T)
ST

in a shear flow the convection speed, U,, 1s a function of spacing d

fined by = 0. According to Wills(BB)(l96h), in measurements

(between two measuring points) and time delay T; when U, 1s defined by

9R(3,) @raR(6:7> = O‘ a slight difference in magnitude was observed.

AT 0% oR
. . . U{Us
However, for practical reasons the convection speed defined by ——=—d = 0

oT

was used in the present work.

C. RESULTS
The convection speed UC in each case was computed by using the follow-

ing relation,

and was marked in the corresponding figures.

The measured correlation curves of RT are symmetrical about the

wiw

vertical axis passing through the origin of the time delay axis. The sym-
metry was déstroyed when one of the measuring points was raised from

%¥ = 0.005 to 0.204. When y/3* > SSL’ we actually measured RTwu instead

of RT - since one of these two measuring points was not in the linear
WwW

viscous region. The peak value of the correlation curve of R_ , was found
W
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to increase slightly and shifted to the left side (1 < 0) with the increas-
ing y/6*. Such a destruction of symmetry and the shift of the peak of

the correlation curves, which appear clearer in the contour diagrams of

the constant correlation RTwu (see Figs. 7, 40 and Section VII-C), will

be explained in Section VIII-A.

In the Ry, measurements at zero time delay a change of sign from positive

to negative was observed when the two probes approached the wall as near as

%% = 0.16 (see Fig. 15). Grant(6) (1958) did not report any measurements
of R,, for 22 < 0.29. 1In his reported measurements near the wall, also

vV 5%
no negative va has been observed.

The change of sign was also found in the present measurements of Ryv
near the wall at zeroc time delay when the two hot-wires which were set up
at the same values of x; and xz but different x5 were interchanged [e.g.,

1

§§-= * 0.223 for R, (see Fig. 26)]. Furthermore, when one studies the
measurement of va (see Fig. 28) one finds that R,y changes from a negative
to a positive value as %% varies from + 1.52 to - 1.52. The change of
sign in the above mentioned measurements and the unusual behavior of Ryv

show that there is a definite structure of turbulent eddies in the wall

region. We shall study this structure in more detail in Chapter IX.



CHAPIER VI

SPACE-TIME CORRELATION OF PRESSURE-SPANWISE VELOCITY, Rpw

A. INTRODUCTION
The pressure-velocity correlation measurements of Rpu ard va reported
by Willmarth and Wooldridge(27) were quite extensive and revealing. 1In
the present work a number of measurements of Rpw were made for the follow-
ing purposes:
(1) To study how the turbulent velocity w is correlated to the wall
pressure fluctuation;
(2) To study the relation between pw and VW using Kraichnan's(lg)
theory for the wall pressure fluctuations (see Section VIII-B);
and

(3) To construct contours of constant Rpw in order to study the

turbulent structure near the wall.

B. MEASUREMENTS

The pressure-velocity cross-correlation coefficient, Rpw is defined by

X,¥,2;t)  wlx+xi,y+xs,z+x4;t+T)
Rpw(xl;Xz,X35T) _ P( A ) ( 1, Y X2, 3 (VI-l)

J pz(X,y,Z;t)J V?(X+Xl,y+X2,Z+X3;t)

The experimental measurements are shown in Figs. 30 through 38 as functions

UW(T—T')

of the non-dimensional time delay Sx

The shift of the origin

1
o1

on the time delay axis, given by ; 1s defined in the same way as

22
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has been explained in Section V-B above.

In consideration of the symmetry of Rpw about the x;-xz plane, let
us refer to Fig. 29 where the point of measurement of pressure fluctuations
colncides with the origin and the points A and B are symmetrical with re-
spect to the x;-x2 plane. The flow direction is into the plane of the
figure along xj;-axls which is not shown. Assume that a homogeneous turbu-
lence exists in the plane which is parallel to the wall as is the case
the boundary layer used in the present study. Then, if one defines the
positive sign of velocity component w being along the positive direction
of xz-axis, it will be quite obvious that +w at point A or -w at point
B should give the same pressure response at point p merely because of

geometrical symmetry. One can write
Rpw(Xl,X2+X3) = ‘Rpw(xl;x2)'xs) (VI-2)
and infer that when x5 = O
Rpw(xl,x2,0) = 0 (VI-3)

from an argument of Rpw being unable to be either positive or negative.
Consequently, in measuring Rpw, one can confine oneself to the quarter
space between positive xp-axis and positive xg-axis and reduce the amount

of work required.

C. RESULTS

The convection speed, U., of the disturbance as defined in Section
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V-B was found equal to the local mean speed when spacing is not too large,

or

Since the same result was also found in Rpu and va measurements formerly
made by Willmarth and Wooldridge,(27) one may conclude experimentally that
all the three pressure-velocity correlations (i.e., Rpus Rpy and Rpw) are
convected with the local mean speed when spacing is not too large.

Measurements of Rpw(see Figs. 30-31) showed that Rpw is an odd func-
tion of x5, which supports the discussion made in Section VI-B above.

The measurements have been used also to construct contour diagrams

of constant Rpw’ which will be presented in Chapter VII.



CHAPTER VII

CONTOURS OF CONSTANT CORREIATION OF TyTy, OF Tyu AND OF v

A. INTRODUCTION

Owing to the existence of the linearity (see Appendix I) in the
viscous sublayer, the longitudinal fluctuating velocity u implies a
fluctuating slope of the velocity profile in that region. Physically,

a fluctuating slope of the velocity profile means a fluctuating local
wall shear stress. Thus, we measured the streamwise wall shear-wall
shear and streamwise wall shear-velocity correlations with hot-wires
and plotted them as functions of nondimensional time delay. Since the
fluctuating wall shear stress

v o= %é (x2 < &gr)
where %é-can be interpreted as the fluctuating vorticity component in
Xg-direction in viscous layer, these measurements can also be interpreted
as the correlations of vorticity-vorticity ({-¢) and of vorticity-velocity
(t-u) where t=fluctuating vorticity component in xs-direction in the
viscous layer. With these results we constructed contour diagrams of
constant Rryr, (or Rer) and of constant Rr,y (or Rey) in order to obtain
a clear picture of the correlation field of the fluctuating streamwise
wall shear stress or the fluctuating vorticity component in xs-direction
in the viscous sublayer.

The contours of constant correlations, pu and Pv were measured and
reported by Willmarth and Wooldridge.(27) In the present work the results

of the measurement of correlation, pw have also been used to construct

25
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similar contours of constant correlations. Thus, together with the former
work, we have a complete set of constant correlation contours of pu, pv
and pw which may help those working on the similar problems to get better
understanding of how the three fluctuating velocity components in the semi-

space above the wall produce the pressure fluctuations at the wall.

B. THE CONSTRUCTION OF THE CONTOURS
A direct measurement of enough data points to allow the construction

of the contours of constant correlations of TyTw » OF TGS s and of pw
would require tremendous tunnel work; furthermore, it was found during

the experimental measurements that interference effects between the hot
wire probe and the pressure transducer made it impossible to obtain re-
liable data when the pressure transducer was located in the wake behind
the hot wire probe. Hence, the spatial correlation contours were obtained
from the measured time-delay correlations at zero longitudinal separation
by using the convection transformation

0% T Tax o (VII-1)

The correlation contours obtained by the use of this transformation
are shown in Figs. 39 through 46 where in case of 55 measurements the

origin of the corrdinate system is located at the point where the wall

pressure was measured, and in case of T, T, or Tyu measurements the

origin is located at the wall and directly beneath one of the two hot-wires.
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C. RESUITS

The contour diagram of constant RTWTW (or R@g) constructed above ap-
peared to be a very narrow strip. It is some 128*% in length and 25% in
width. The maximum positive correlation was at the point where the fixed

u-wire in the viscous layer was located during measurement (see Fig. 39).

1
The contour diagram of R_, (or R¢,) for X2 - 0.118 was similar in
W : 5%

!
shape, but elongated along %i axis (296* in length and 1.85* in width)
and with the maximum positive wvalue of RTWu located off the origin at

1
%i ~ 0.6 and %% ~ 0.13 (see Fig. 40). The angle of sweep of this
*

!

1

maximum positive R_ |, was measured to be 12° to the %; -axis when projected

WUL
1 1

X
on the —= - gf

0 X} . .
S plane, and 11" to the 5% -axis when projected on the

1 1
%% - %% plane. It is believed that this sweep represents the effect of

convection and turbulent diffusion of the local wall shear fluctuations
or the vorticity fluctuation in the xg-direction. To verify this point,
a simple calculation has been made and will be found in Chapter VIII
below.

The contours of constant correlation Rpw which lie in vertical planes

perpendicular to the flow at %% = -1, -0.5 and O are positive and are

closed curves of constant R These positive contours have a tendency

pw’

b

to move upward when 5% increases from negative to positive values. The

positive contours are replaced by the negative contours near the wall when

%% = + 1, and finally break into two separate groups of positive contours

with the negative contours near the wall growing even larger when

%% = + 3 (see Figs. 41 through 46). An explanation of the variation of the
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Rpw contours along g% -axis has been attempted and will be included in

Chapter IX.



CHAPTER VIII
DISCUSSION OF THE RESULTS OF MEASUREMENTS

A. THE PROPAGATION OF FLUCTUATING WALL SHEAR (OR FLUCTUATING VORTICITY

IN x5-DIRECTION) DUE TO CONVECTION AND DIFFUSION

The contour diagram of constant correlation of T 7. (Fig. 39) and
that of ;;E (Fig. 40) show that there is a shift of the maximum positive
correlation off the origin when the moving wire has larger distance from
the wall than the fixed wire. In Fig. 40, the location of maximum posi-

tive correlation was observed to be:

X
= = 0.60 =% = 0.13

This deviation from the origin of the axes is believed to be caused by
convection and turbulent diffusion, and thus shows how the fluctuating
wall shear propagates from inside the sublayer region (52%1 <5). Ac-
cording to the theory of turbulent diffusion (Ref. 29, p.L48), at small

time t diffusion proceeds proportionally with time, or
[ . [= _
X3 A uset (VIII-1la);

and at large time t >> t¥, where t¥* is the time for which the Iagrangian

ug(t)ug (t+t%)
J
square root of time, or

J E = ~/—2} J E «/_t (VII-1b)

L

* 0, diffusion is proportional to the

correlation RL(t*) =

29
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where
t*

Y, - f ar By(7)

O

Assume that very near the wall the turbulence is beginning to diffuse,
hence we apply Eqn. (VIII-la) in the calculation below. Next we refer to
Fig. 47 and suppcse that a random disturbance first hits the u; -wire at
X1 =0, xg = 0.002 in, x5 = O (location of the fixed wire during measure-

ment of Ruu) and reaches a new point within a time period At

x1 = d1 (unknown)
x2 = 0.06 in (height of the 2nd wire; given)
X3 = ds (unknown).

On this basis, we are able to equate the following:

i
At = dy - d2 g ds (VIII-2)

(Uc)avg @fﬁ%)

avg

where db = 0.06 - 0,002

0.058 in (difference of height between
uy; - and up - wire)u

The convection speed was found from measurements:

(U.) 002 in = 26 fps

]
o

X2

(Ue)y, = 0.06 in 110 fps

113

hence (U )

¢’ ave 75 fps;
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also from measurements

<v2)avg = 12.4 fps

Qa—g—)avg = 1h.4h fps.

Substituting the given values into Egqn. (VIII-2), one finds

dy = 0.34 in dg = 0.068 in
or d, /8% = 0.69 da/o* = 0.1k (calculated)
where % = displacement thickness
of the B.L.
= 0,041 ft.

This result can be compared with what we observed from the location of the

maximum positive correlation of R. (see Fig. 40 and compare with Fig. 39):
\

1

* 0.60 %% = 0.13 (observed)

Fhit

where x}], x5 are corresponding to d;, ds respectively.

As shown above agreement was found between the displacement determined
by Ry, measurements and the displacement calculated on the assumption that
the turbulent diffusion is at the initial stage, one naturally believes
that the turbulence very near the wall is still very concentrated and is
Just beginning to diffuse.

B. PHILLIPS'" INTEGRAL CONDITION AND THE MEASUREMENT OF THE PRESSURE-

VELOCITY CORRELATION, Rpw

Phillips<l8) in his study of the aerodynamic surface sound in a turbu-
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lent boundary layer derived an integral condition which when applied to

the present Rpw measurements reads

(o]

[ee]
f Rpw dx; dxg = O (VIII-3)
-00 =00
where x; 1s the axis along stream direction and xs the axis normal tc the
stream and parallel to the wall. Both the present measurement and our
theoretical consideration of Rpw showed that it is an odd function of

x (see Secticn VI-B and Figs. 30 through 31), therefore for Rpw cne can

even write down a more strict condition than Egn. (VIII-3)

b/\ Rpw dxg = O (VIII-L)

In the report of measurements of the correlations PU and pv by Will-

(27)

marth and Wooldridge, a qualitative comparison was made between experi-

, 12)
mental results and the approximate wall pressure theory of Kraichnanu( /

For the present measurement of PW one can also infer a similar relation

as follows:

- . It > > T > .
p(0,t) w(x,t+r) = —Jf— f g—‘—’-(—r@lvw(r-x,T) 5 av(r) (VIII-5)
V darg |r
-> >
where x = x(x;,Xz,X3) -- fixed
-> ->
r = r(r,,ro,rs) -- variable
V = semi-space above the wall

However, too much tunnel work is required to obtain enough information
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> >
about the correlation Vw(r-x,t) for just making a qualitative comparison

of the above equation, since our measurement showed that the VW was not
conserved by convection. ©So we have only studied a special case: When

> > —_ -
1 =0 and x = x(0,x2,0), then we have pw = O (PW is an odd function of xs)

at the left hand side of Egn. (VIII-5). At the right hand side of Egn.
oU

(VIII-5), S;— is always positive and our measurement of wv showed that
2
near the wall, e.g., %f = gf = 0.102 (see Figs. 26 through 27) Wv is

an odd function of rs and therefore the total volume integral at the
right hand side of Egn. (VIII—5) should vanish also.

The further interest we have in studying the pressure-velocity cor-
relation, Rpw lies in its relation with the turbulent structure near

the wall which will be presented in detail in the next chapter.



CHAPTER IX
THE STRUCTURE OF TURBULENCE NEAR THE WALL IN A
TURBULENT BOUNDARY LAYER
A. INTRCDUCTION

As discussed briefly in Chapter V above, the question, "What is the
real structure cf turbulence near the wall and what is the real mechanism
which maintains the turbulence in a turbulent boundary layer?" has inter-
ested many investigators, both theoretical and experimental, for decades.
To the author's knowledge no definite answer has yet been given. This
was not only theoretically due to the lack of a complete mathematics which
1s able to describe the whole history of the turbulence cf different stages
existing contemporarily in a turbulent boundary layer, but also experi-
mentally due to the difficulty in techniques that it is almost impossible
for us to extract any single turbulent eddy or disturbance to study its
crigin and development. However, it is believed that the statistical
method, when it 1s properly employed, is still one of the best which can
describe the average behavior of turbulence.

In the present work the measurements of the correlations Ryy and Ryy
showed that their behavicr in the wall region (%%—Z 0.2) was completely
different from that at greater distance from the wall. As mentioned in
Sectiocn V-C, Grant(6) did not report any measurements of Ryvs OT va for
§§.< 0.29. Also, no negative correlation has been observed in his reported

measurements of R, near the wall. The result of the present measurements

3l
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of Ryy and Ry, together with the constant contour diagrams of Rpw and
R;  stimulated us to propose a physical structure of the turbulence

w

near the wall as presented in the following section.

B. THE STRUCTURE OF TURBULENCE NEAR THE WALL

In the problem of the transition from laminar to turbulent bound-
ary layer either theoretical or experimental studies(e’g” 2,8,10,11,22)
showed that, in the course of development from two-dimensional Tollmien-
Schlichting waves to the final stage when the turbulent spots are formed,
a necessary intermediate step 1s the appearance of streamwise vortex com-
ponents. According to Stuart,(gg) it is this streamwise vortex component
which produces the vertical convection of the span-wise vorticity com-

ponent, —— , which is at the same time stretched along the xg-direction

dxo

so as to be intensified and eventually generate turbulence. We believe
that such a streamwise vortex component, or together with the other two
components a three-dimensional vortex line of a certain shape, also exists
in the turbulent boundary layer and is an important part of the physical
mechanisms which maintain the turbulence.

To explain physically how a three-dimensional vortex line is formed
and to find what shape it is we first refer to the work by Browand(B)
(1965) who studied the behavior of smell vortices in a shear flow. As
shown in Fig. 48, Browand concluded that a small vortex of opposite

circulation (positive) from the mean circulation (negative) always ex-

periences a restoring force, o(Us-U1)T (where I is the circulation of
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the small vortex), when it is displaced either upward or downward; while

a vortex with circulation in the same direction (negative) as the mean
circulation (negative) always experiences a destabilizing force when
displaced. With this result in mind we now study the region near the

wall in a turbulent boundary layer. The viscous sublayer next to the wall
is usually considered tc be equivalent to a Couette flow in which all

(16)

disturbances are highly damped, therefore an outer region near the
edge of the sublayer, where the damping effect is much weaker but the
shear flow is yet very strong, would be more suitable for disturbances
to grow and develop. Suppcse small disturbed waves, which are mainly
two~dimensicnal, first appear and finally become concentrated to form
discrete vortex lines around the edge cf the sublayer and in the direc-
tion of xg-axis (see Fig. 49a). As discussed at the beginning of this
section the vcrtex line of opposite circulation from the meén circula-
tion wiil remain one-dimensional alcng xg-axis, while the vortex line
with circulation in the same directicn as the mean circulation will not
remain one-dimensicnal whenever there is a perturbed vertical motion
imposed somewhere at a radnom position along this vertex line. Assume
that Browand's two-dimensicnal result can be applied here locally, then
the randcm disturbance may induce an upward or a downward local motion
at the latter vortex line and this local motion will continue in the
region where the shear flcw is very strong. To illustrate these ideas,

suppose there are disturbances of the vortex line as shown in Fig. 49b.

Cnce the veortex line is bent vertically the stretching process in the
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shear flow starts simultaneously, and finally the vortex line with circula-
tion in the same direction as the mean circulation will take the form as
shown in Fig. 49c. With the above physical strcuture in mind it seems

that one can explain why an originally two-dimensional wave motion becomes
three-dimensional in a strong shear flow and why the vortex flow in

Xp-Xg plane often cccurs in pairs with streamwise vorticity components

of opposite sign in a transition boundary layer as observed in experimental
works (e.g., see Refs. 6 and 10).

A similar physical structure which was predicted in a transition
boundary layer by different authors is quite the same as above. Hama(8>
(1963) studied the behavior of a single vortex line in a shear flow and
pointed out that besides the stretching due to the shear flow the plane
of a curved vortex line rotates in a direction opposite to that of its
circulation, which gafe the same result as we discussed above. However,
Hama did nct discuss the case when the circulation of a vortex line has
different sign from the circulation of the mean flow. Stuart(22> (1965)
studied a problem pertaining to boundary layer transition in which longi-
tudinal vortex pairs already exist in a boundary layer, and under his
assumptions he linearized the equation of motion and solved the time
dependent problem. He emphasized two things in his paper: the vertical
convection and the span-wise stretching (due to QE.) caused by these

O0xg
streamwise vortices. Owing to the vertical convection the span-wise
vorticity component, %gé, travels upward and downward alternatively

along the xsg-direction and owing to the stretching it is intensified
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in the ccurse of its travelling. On this basis he finally propcsed a
structure of the vortex line similar to what we have presented above.
Benney<l) (1964) alsc solved a problem mathematically in a boundary
ylayer possessing constant shear, his result showed the existence of a
vertex pair in the y-z plane which agrees with the above discussion.
When compared tc the work by Stuart the structure discussed in the
present work depends more upcn the interaction between the vortex line
and the mean shear. Besides, we think that the vortex line picks up
motion in the plane perpendicular to the flow direction before its
lengiltudinal vertex line component can be formed from stretching. In
any case, Stuart's ldea of using the convection and the stretching due
to longitudinal vortices toc explain the cccurrence of intensified
shear layers 1s valuable, since it is believed that such shear layers
are clcsely related to the flow finally breaking intc turbulenceo(lo’ll’ge)
In the present work, the turbulence generating regicn near the wall
but cutside the visccus layer is believed to ccontain a randem distribu-
ticn of vortex lines making an acute angle to the wall and extending down-
stream. We shall compare this structure of turbulence near the wall

with the experimental results in the fcllowing section.

C. COMPARISON WITH EXPERIMENTAL RESULTS
1. R, Measurements

According tc the discussicn in previous section near the wall in

the turbuleat boundary layer there exists a region in which the vortex
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lines as shown by Fig.(u9c) are randomly distributed with respect to time
and space. S0, in the xpxz-plane one would see an average vortex flow

as shown by Fig. 50. If we think that an average model exists there,
then it is quite obvious that the double velocity correlation RVAV (where
vy = v measured at point A, etc.) is always negative in this region. In-
deed, our measurements showed that when the two measuring hot-wire probes
approached the wall region (gf ~ 0.2) the sign of R, was changed from
positive to negative (see Fig. 15). One also can refer to the report by
Willmarth and Wooldridge (see Ref. 27, Fig. 37, p. 52) to find the cor-

responding drastic change in the R, constant contour diagrams as one

p

approaches the wall at %f = 0.5 and 0.2,

2. Ryy Measurements
Referring to Fig. 51, with w measured at point A and v measured at B
one should find to be negative, and similarly R to be positive;
apvp & ’ NG P

therefore

when points B and C are in symmetrical position with respect to point A.
The above result was found in agreement with our measurements (see Fig. 26).
Next, referring to the average model of the vortex lines in Fig. 52

one finds RWBVA to be negative ana Ry to be positive, which was also

CVA

verified by our measurements as shown in Fig. 28.
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3. Rpw Constant Contour Diagrams

If we set up an average mcdel of our vortex lines as shown in Fig.
5%a with one of the lower loops located at the point where the perturba-
tion pressure, p, is measured then we can see that the distribution of
the sign of velocity component w at different vertical planes which are
parallel to the xo-xs3 plane and located one after the other from upstream
to downstream of the origin C, will be as shown in Fig. 53b. Since the
fluctuating pressure, p, reccrded at the origin O which 1s directly under-
neath the lower lccop of the vortex core should have a negative sign, one
can easily find the distribution of the sign of Rpw at these vertical
planes as shown by Fig. 53c. Again referring to Fig. 53a, if instead of
point O we chcose point A as the location where the perturbation pressure
is measured, then since the pressure recorded there is positive and the
sign of w in different vertical planes as shown by Fig. 53b is also
reversed the distribution of the sign of Rpw as shown by Fig. 53c will
still hold without any change.

The present experimental result of Rpw (see Fig. M6) was found to
be in coincidence with the result as derived from the above discussion.
Besides, the model proposed here can alsc predict that the pressure-
velocity correlation, Rpy, is an odd function of xa (see Fig. 5%a), which
agrees with the discussion in Section B, Chapter VI as well as with the
experimental result presented in Figs. 30 through 31.

In a cleoser examination of the contour diagrams cf ccnstant Rpw

(see Figs. Lk through 46), one finds that at positive %i the positive
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contours cn the top gradually separated into two groups while the negative
contours remained unseparated. To explain this, let us refer to Klebanoff's
work (see Ref. 10, Fig. 19, p. 21) where the shape of an actual vortex

flow in the Xo-Xs3 plane during the nonlinear process of transition to
turbulence was plotted and let us think that the contributions to Rpw

are mainly from the average of two cases: either with the pressure measur-
ing point located at O or at A as shown in Fig. 5ha. Then one can see

that the two vortex flows (see Fig. Sbhb,c), when correlated with the pres-

sure at point O or A, will agree with the constant contours of R , at

p
positive %% as shown by our experimental result, i.e., the positive
constant contours on the top gradually separate into two groups while the
negative constant contours remain unseparated.

The scale OA in Fig. 5%a was measured from direct observation of the
constant ccntours of Rpw and found to be %d*., Referring to the same
figure, the angle of inclination © between the plane of the sweeping
vortex line of cur average model and the wall was computed also by using
the Rpw constant contour diagrams.- From the displacement of the zero
line between positive and negative Rpw contours at two different vertical

X1

planes where g;v was equal to 1 and 3, we found this angle © to be ap-

proximately 35 degrees.

L. Ryy Measurements
Schubauer and Klebanoff(zo) (1951) measured the correlation of velocity

components v, v at the same points in a turbulent boundary layer and found



it always negative. One may easily find that from the present proposed
structure of turbulence the fluctuating flow field induced by the in-
clined vortex line as shown in Fig. 53a, has velocity components u, v which

also give negative correlations.
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CONCLUSIONS

The main results of this experimental work and theoretical study near
the wall in a fully developed turbulent boundary layer can be summarized
as follows:

(1) Near the wall there was found a turbulence generating region
which is filled with random vortex lines inclined at. an acute angle to
the wall when observed along the xg-direction. These vortex lines were
stretched and intensified in a strong shear region near the wall, and
owing to the streamwise component of these vortex lines there must be
vertical convection and span-wise stretching (due to éﬂ—) of the span-

X3

wise vorticity component, , to generate strong shear layers (Which

6X2
are thought to be substantial elements for making turbulence)s(lo’ll’ge)
It is believed that the proposed structure in the wall region is the
real mechanism which serves to maintain the turbulence and to produce
the wall pressure fluctuations in a turbulent boundary layer. The
proposed structure was strongly supported by the present measurements

of Ryys, Ryv and Rpw and it was identified to be quite the same as the
structure in transition boundary layer recently studied by different

. . (e°g°)1)8;22) . .
investigators, except that in the present case in a turbu-

lent boundary layer the appearance and the distribution of these inclined

vortex lines are much more random.

L3
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(2) The diffusicn of turbulence near the wall was found approximately
properticnal to time t. Since this is true only at the initial stage of
turbulent diffusion, the turbulence generated in the wall region can reascn-
ably be thought of as fresh and new. Both this result and the result pre-
sented in (1) above lead tc the conclusion that in a turbulent boundary
layer the turbulence is generated in the wall region and spreads to the
cuter region due to convecticn, diffusion and the interacticn with shear
flow. ©Since 1t is well known from measurements that eddies of small size
dominate near the wall, this implies that at least a porticn of the small
eddies near the wall may become larger when they distend intc the more
central parts of the boundary layer. However, the physical mechanism
cf develcpment from small to large eddies is not yet completely under-
stecod.

(3) The measurements show that the profile of the viscous sublayer
next to the wall is fluctuating. However, the instantanecus linearity
of a fluctuating sublayer prcfile was demonstrated either from a
thecretical or from an experimental study (see Appendix I).. On this
basils, cne can make streamwise wall shear-wall shear (or xsz-component
of vorticity-vorticity) correlation measurement by using hot wires.

(4} The zero tc zerc scale in g% -direction of the measured Riu
contours near the edge of viscocus layer (see Fig. 39) can be interpreted
as the average period of variation of u-component in xz-direction. This
scale was measured to be some 20*% which is comparable tc the correspcnd-

ing optical observaticn by Runstadler, Kline and Reynclds (1963) (see
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Ref. 19, p. 262).

(5) The mean wall shear stress can successfully be measured with
a single hot wire set up at the linear region near the wall, using Wills'
experimental method to correct for the effect of wall heat transfer. Cor-
rection of the mean-velocity measurement with a hot wire in the presence
of velocity fluctuations in a turbulent boundary layer was studied. A
correction term of first order to the mean square value of the fluctuat-
ing resistance of the hot wire was found analytically for constant cur-
rent measuring equipment (see Appendix II-A). TFor the present problem
the correction was computed to be 5% which agreed with the correction
found by an alternative graphical method. In calibrating the hot-wire
in the present measurement of wall shear stress in the wind tunnel, it
was found that the calibration curve should be plotted with Nu vs.*iﬁg;s;
(not 12 vs. ~fﬁ) so that a linear curve can be obtained in order to make
necessary correction easily when the ambient temperature and the air
density during calibration are different from those during measurement.

(6) 1In case that the turbulent velocity is not negligibly small
when compared with its mean velocity, the calibration of the turbulent

intensity measurement is not linear. The correction term of the u?

2
measurement was found approximately in terms of Fg and (ri) where
r, is the fluctuating hot resitance of the hot-wire (see Appendix

II-B). For the present measurements the possible maximum error was

estimated to be 6.5%.



APPENDIX I
THE EXISTENCE OF INSTANTANEOUS
LINEARITY IN THE VISCOUS SUBIAYER

In the measurement of correlation of the fluctuating wall shear, an
instantaneous linear viscous sublayer was assumed beneath the turbulent
boundary layer. To verify this, we write the fluctuating part of chear
stress in the viscous sublayer and neglect its variation with x5
(0 < x2 < Bg,1.)5

oo [Gv-uv! + v SLE ) (1-1)

P 8X2
The boundary conditions at the wall requires that
u=v=w=0"  at Xo = 0

and the continuity equation gives

~
| ov_ A
{_6X2 X2=O

It follows from Eqn. (I-1) that

f'aa'7 ~ IE
[_BX%JX2= - M
d%u L o —
{ 2J = S‘" (uv-uv]
5X2 x5=0 v OXz X2=O (I—E)
_ Ly, 0w ovou
v aX2 8X2 aX2 BXQ % =0
= 0

similarly,

L6
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33u 1 > v ]
= 7 5 o [uv-uv _
x> x2=0 v ora *a®
- 0
but
.
3 —
9 u4 - L P (ueiw) 0 (1-2)
X o X 2=0 v Ox3 X o=

3lou 90%v  du o3

v 8X2 8X22 5){2 aX22

X 2=O

As the second and third derivatives of the fluctuating velocity component,
u, vanish at the wall, the variation of u will be closely linear for an
appreciable range in x, direction. The above argument was first used by
Towasend(25) for the mean velocity profile near the wall in a turbulent
channel flow,

Experimentally, the measurements of v u2/U, in turbulent boundary layer

(9)

by Klebanoff and in turbulent channel flow by Laufer(lu) showed that
such a linear fluctuating region does exist in the vicinity of the wall
which covered the whole region of viscous layer. Since-JEEﬁ: E??I:Z;;E}-xg
implies u = c(x1,X3,t) X2, their experimental results lend support to the
existence of instantaneous linearity in the viscous layer as discussed
above., In the present work no such experiment has been repeated, but

our correlation measurement of R, with zero time delay near the edge of
viscous sublayer with one hot-wire varying its height gave approximately

the same value, which also showed the agreement as predicted by the in-

stantanecus linearity of the viscoug layer (see Fig. 7).



APPENDIX II

ERRORS AND CORRECTIONS

A. CORRECTICN OF THE MEAN VELOCITY MEASUREMENT IN A TURBULENT BOUNDARY
TAYER

When we measured the mean velocity (see Chapter IV and Appendix ITII)
a fixed mean overheating ratio ay was used. At constant current the fluc-
tuating velocity causes the wire temperature and therefore the overheating
ratio to fluctuate. However, the mean of the fluctuations of the over-
heating ratio does not correspond to the mean of the velocity fluctuation
since the velocity does not vary linearly with the overheating ratio.
During measurements we observed a mean overheating ratio, so the corre-
sponding velocity found was in error.

The overheating ratio, ay, has a linear relation with hot resistance,

where Rg = cold resistance
(independent of velocity
fluctuation).

And since Ry shows up at both sides of King's formula,

il

(Ty-Te ) (A+BNU)

R.-

R
¥_C (a+BVU)

0 RO

I%R,
(11-1)

we study the relation between velocity U and Ry. From Egn. (11-1)

L8
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2
I RC' :
BV = B A (a'=RQ)

Ry-Re
or
(I1%x'-A) Ry + ARe
Ju© = (11-2)
B (Ry-Re)
let
= R, +r (where ry = fluctuating hot resistance)
W

U 2 U+u (with v2 neglected)
be substituted into Egn. (II-2), and after squaring both sides of the

equation we have

(I13'-A) 1y ]2
(I%a'-A)Ry+ARe]

]2

[(Iea'-A)f{w+ARe]2E_ + :

Utu =

Ty
2 2
B5(R,~Ra)° |1 +
Ru-Re
let ca(lscyry)®
= 2
(Ltcer,)
where Iga'-A

[(I3%'-A)R,+AR, ]

. 1
Ry-Re >

(11-3)

Co =

(I2'-A)R,+ARe
B (Ry-Re)

Ca

then

2.2
Ca( 1l+2c,r,+c- "1
eu o Ca(l¥zeimye;®n,®)

(1+2cory +e2r, 2)
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= Cs[1+2(01-02)TW+(C1-02)(01-502)rw2
-2co(cy-cp)(c1-2ep)r,> (II-4)

+022(Cl-c2>(5cl_llc2>rw4+o oo ]

Taking average at both sides of Egn. (II-4) and assuming u and r., to be

waves symmetrical to their mean values, respectively, then

e
o o——

03[1+[(01-02)(01-502)]Tw2 + O(rw4) + eeo)

a
il

categ[(ey-cn)(e-3cs) lry2 (11-5)

i

After using the value of cj,cs, and cs from Eqns. (II-3) and simplifying,

Egn. (II-5) becomes

—_ 2
(I%0'-A)Rw+ARe . L | 2r®0'Re(1%0-0)
B (R -R.) B5 | (Ru-Re)?

i
]

L 3ERe)® | —5
(Ry-Re)* v

— 2
where [ (I%x'-A)Ry+ARe

= mean
B(RW_RG) in error
so, the correction for the mean velocity is
AU = U-TU mean
in error
. L | R (TFar-a) o s(rfre)® | T2
= o | Yy
2
5 (Ry-Re )2 (Ry-Re)* (11-6)

The value of B and the parameters in the bracket of Egn (II-6) were

———

given by measurements or calibration, and rw2 can be obtained by measuring



51

e< since

e® = 1%r.2  (I=const.) (I1-7)

Computation: In the present measurement of the mean wall shear stress
(see Chapter IV and Appendix III), we have the following information from

measurements:

-

T —
Unean in error = 29 fps

r,2 = 0.0722 (Q%) .

After using these figures and other given values in Egn. (II-6), we find

AU = 1.16 fps
therefore A I-I 1.16
erroy —— = —
g 39+1.16

2.9% .

A graphical correction method tried by us gave the error

>
o

= 3% (11-8)

¥

B. THE ERROR OF THE v u2 MEASUREMENT
The error of the Vu2 measurement is estimated as follows:

From Egn. (II-L4) in Section A above

C+u = 03[l+2(Cl-C2)rw+(Cl-Cz)(01-502>rw2
(1I-4)

'ECE(Cl‘Ca)(Cl'zcz)rw3+ eee]
where the coefficients c;, cp, and cs are defined by Egns. (II-3).

With the aid of Eqn (II-5), we have from Equ. (II-k4)



u = c3(c1-02)[2rw+(cl-5c2)(rwe-rwe)-2c2(cl—2c2)rw3+ .. (1II1-9)
Equation (II-9) is squared at both sides and computed up to the Lth

order of ry,, then

2 . _—
u” = cg®(cyi-cp)@{br 2+(cy1-3c5)2[r4-20,2r,2+(r,2)2]

+u(c1-502)rw(rw2-rw2)-802(c1-2c2)rw4
+ noa} .
Taking average of the above and assuming u and r,, to be waves symmetrical

to their mean values as we did in Section A, then

us = 032(01-02)2{hrw2 + [(01~302)2-802(01-202>]rw4

ol

(II-10)

-(c1-3c2)? (ry,2)%)
Usually, in measuring small velocity fluctuations a linear relation was

assumed between velocity fluctuations and electronic signals, i.e.,

u = se where s = sensitivity coefficient
of the hot wire
e = fluctuating voltage
= ];‘L‘w)
hence
W2 - 2P

(sI)grw2 (I = constant)
Comparing this equation with Egn. (II—lO), we find the correction term

approximately

A uZ = 032(C1—02>2([(01-5C2)2-8C2(01-202)eré-(cl-BCQ)g(rwz)z}

(11-11)



To compute the possible maximum error in the present measurements, we
use (Vu2/U)ygx = 0.35, U = LO fps. Correspondingly, in our measurements

we have E;E = 0.168 (0%), and if r_ is assumed to follow a sine wave

w

variation, then

amr.

Al"w4 = Ouou'g (94) °

Using these values and other information from measurements in Egn. (II-11),

we find

Hence,

ETTOr === = ——
Nvu2 vi1.12

1]
Ul
—
=R

C. OTHER ERRORS IN THE MEASUREMENT

(1) From Meter Reading—The averages involved in computing the cor-
relation were obtained by visual observation of the output meter reading.
As the meter had a time constant of 3 sec, the fluctuations in the needle
reading were small and the probable error in the correlation arising
from this source is about #5% of the maximum value.

(2) From the Filtering Effect—See Section III-B.

(3) From the Hot-Wire Alignment—In measuring v- or w-component of
the fluctuating wvelocity an X-type hot-wire probe with a gap between the
two cross wires, about 0.02 in. was used. The two wires have different

orientations when they changed side gave an effect to the measurement.
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Such an effect was examined in the R, measurements (x2/6* = 0.102,
xé/&* = +0.223), using hot-wire probes with opposite wire orientations
(See Figs. 26-27).

(4) From Using the Convection Hypothesis—When we constructed the
contours of constant correlation of Ty-Ty, of Ty-u and of p-w the con-
vection hypothesis was used (see Chapter VII). The amount of error in-
troduced from this source can be determined at those values of x./&%
for which data were taken by comparing the measured values of the spatial
correlation at zero time delay with the values predicted by the convection
hypothesis. The maximum error in the correlation near the peak value of
RTwTw or RTwu is approximately iEO% of the peak value. In constructing
the contours of Rpw in xsx3-plane at x1/6* = 0, actual measurements
were made at every point, hence no error resulted from the convection
hypothesis was noted. However, the two Rpw contours at negative values
and two at positive values of xl/ﬁ* were constructed by using the con-
vection hypothesis in order to make a qualitative study of the variation
of the Rpy contour along xl/6* axis. Therefore, the maximum error in
the correlation near the peak value of Ry, can be as high as +40% for

D

these four contours.



APPENDIX III

CAILCUIATION OF THE MEAN WALL SHEAR STRESS

In Chapter IV the measurement of the wall shear stress was intro-
duced and the result was reported. Here we give the details of calcula-

tion procedure gs follows:

(28)

A. TINDIRECT APPLICATION OF WILLS' CORRECTION FOR THE WALL HEAT TRANSFER

From the present hot-wire measurements we have the following informa-

tion:

b = distance between the hot-wire and the wall
= 0.00216 in.

a = radius of the hot-wire
= 0.0001 in.

£ = 1length of the hot-wire
= 0.043 in. (0.00358 ft)

Pg = density of air at test section
= 0.00207 slug-ft °

p = rcoefficient of wviscosity

-8 -2

= 0.406 x 10~ 1b -sec -ft (for air at 113°F)

k = coefficient of thermal conductivity
= bL,7 x 1073 watt - ft 1t - °RY (for air at 113°F)

I = -electric current through hot-wire

= 53.3L x 10™° ampere
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First,

then, from hot
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= average resistance of heated wire

= 8‘78 Ohms

= cold resistance of hot wire

= 5.85 ohms

= ambient temperature

= 318K (573°R)

= temperature coefficient of resistivity

= 0.00392 (°C)-1 or 0.00218 (°F)"' for Pt wire

= free stream velocity

= 206 fps

we compute

rate of heat loss = IR,

-wire calibration curve,

(53.34x1072)%x8,78

il

2L.97x107° watt,

]

we find

Vo U8 = 0302

hence, one can calculate the flow velocity

and the hot-wire Reynolds number

(Rey ),

0.3022
0,00207

= Lh.,1 fps

Ue(2a)pg
V)

Ll ,1x0,0002x0.00207
C.406x1076x12

3.76
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or 0.L45 0.k
(Rey), (3.76)°""

= 1082

Referring to Fig. 2 Wills' report (p. 392) for

o
(Rey)s > 1.82 = 21.6

6“‘ -O » 17
A Nu<:4ﬂ2>
@e

The above value was found by measuring the vertical distance between the

we have

0.116

curves b/a = 21.6 and b/a = «» (when b/a > » the wall effect is absent).
Physically, this vertical distance is equivalent to the amount of addi-
tional heat loss of the hot-wire due to the effect of heat transfer to
the wall.
m—— "Ot l‘?
The value of Nu (OW/Ge) can either be measured from the same

figure or can be calculated as follows: since one can write the relation

between resistance and temperature of the wire,

]

Re R, [1+a(6,-6,)] (III-1)

similarly,

Ro [1ax(@w-go)] , (I1I-2)

Ry

subtract Eqn. (III-1) from Eqn. (III-2) and rearrange the result, we have

o, = O *+ 53— 8, (111-3)

=
(=
)
H
(0]
j\Y
i

overheating ratio of
hot-wire

Ry-Re
- = 0.5 .
Re




\J1
@e]

From Eqn. (III-1), R, was found to be 4.98 ohms, which together with other

known values was substituted into Egn. (III-B), hence

— .85x0.
w = 318 + 2:02x%0.3
0.00392xk4.98

©

L68°K (or 843 °R)

1

Then, one can compute

-0.17 o— — -0.17

<O—V—J I Ry (OW
Nu{ — = T = -
Oe K 0(0,-0,) \Se

~ ok, 97x10"3 (ugg) -0.17
k. 7x107%%0.00%358x(843-573) \318

= 1l.64

and the percentage of correction of heat loss,

é:l-] "Oal?
A NU<Q 0.116

= —— = 7.01%
A\ -0 17
. 92) 1.6k
Qe
or
2
A IR
— = 7,07%
I%R,

Therefore, after the correction is applied

(I2R,) 24.97x10™ "% (1-0,0707)

after

23,2x107° watt

Referring to the hot-wire calibration curve again, we found N p0 = 0.262
and U = 33.2 fps. Thus,
before correction U = Lk,1 fps

after correction U = 33.2 fps
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This result gave the correction of U for & laminar boundary layer. In
case of a turbulent boundary layer Wills found empirically that a factor
0.5 should be applied to the correction for a corresponding laminar boundary

layer (see Wills, p. 395), so

(ﬁ) _ WL 1433 ,2
corrected 2
for turbulent Bo.L.
= 58‘7 fpSo

The error in the mean velocity measurement caused by velocity fluc-
tuations was studied in Appendix II-A. The error was +3% for the present

measurement, therefore the corrected mean velocity

U 38.7x1.03

I

3948 fps

Finally, the mean wall shear stress can be computed

Poo- .40
dX2
N ﬁ since wire was set up near the
= K X2 edge of viscous sublayer, x5=0.00216 in.
= 0.406x107° x 221§£lg
0.,00216

0,09 1b/sq ft

or the non-dimensional wall friction velocity,

R T
Uo  Ueo Pa,
1 0.09
T 206 0.00207

C.032
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B. DIRECT APPLICATION OF WILLS' CORRECTION METHOD
As computed in Section A we have
0.k
(Rey) 2 1.82
W
and referring to Fig. 4 Wills' report (p. 394) for b/a = 21.6 we found

the correction constant, K, to be 0.2, hence

0.15 0.45
(Rey)w corrected (Rey) - Ky
= 1.82 - 0.2
= 1l.62 .

And after correction (Rey)y, coprp, = 2092
Re
(o) _ (Bey)y v
CcOorr. 2aopa

2.,92x0.406x10"°x12
0.002x0. 00207

34,4 fps .

Similar to what was mentioned in Section A this result would only meet
the case of laminar boundary layer. For a turbulent boundary layer a
factor 0.5 should be applied,: thus with

U L, 1 fps (without correction)

and _
U 34,4 fps (with correction for
laminar boundary layer) ,

1]

we can find

- bl 143k 0
(U) | " = ———
corrected for 2
turbulent boundary
layer

39.5 fps o

]
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Since the correction of error due to turbulent velocity fluctuations

was 3% as stated in Section A,

39.3%x1.03 = L0.5 fps

U =
Finally, one can compute the mean wall shear stress

e

u
b

fW

. 40.5x12
0.406x1076 5 —22X2
0.00216

0.0912 1b/sq ft

and the non-dimensional wall friction velocity,

Uy _ 1 &
Uoo Uoo pa
1 0.0912
206 0.00207
= 0.0322

This result agrees very well with the result found in Section A.
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INDEX TO THE POSITION OF PRESSURE-TRANSDUCER AND HOT-WIRES
IN THE PRESENT CORRELATION MEASUREMENTS OF ujuj AND Tw

Note: Coordinate systems are defined as shown by the following figure:

X2 .
\ X1
Xo X1
‘} 1 1
1
o B(X1,X2,x3)
=>xé
A(x1,x0,%3)
U

0 7777 = X3
tunnel floor

where
(1) the origin O is the point at which pressure-transducer
measuring p is located;
(2) the point A(xy,X5,X53) is the point at which the first
hot-wire measuring u, v, or w is located; and
(3) the point B(xi,xé,xé) is the point at which the second

hot-wire measuring u, v, or w is located.
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Measured values of the space-time correlation of u-u very
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